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-" ReCsume - Le polyac6tylne peut 6tre dope par des moyens

chimiques ou electrochimiques au solution aqueuse au

regime metallique. Les characteristiques de certaines
batteries rechargeables s'lectionn'es, qui employent des
electrodes de (CH)x dans des electrolytes non-aqueux,
sont decrites.

Abstract - Polyacetylene can be doped either chemically
or electrochemically in aqueous solution to the metallic
regime. The characteristics of selected rechargeable
batteries employing (CH)x electrodes in non-aqueous
electrolytes are described.

I - p-DOPING OF (CH)x IN AQUEOUS SOLUTION

It is generally believed that p-doped (CH)x reacts readily with
water. Until the present study was undertaken, the only apparent
exception to this water instability involved the electrochemical
p-doping (oxidation) of (CH)x film in an aqueous 0.5 M solution
of KI. Doping took place in a few minutes to give (CHIO.07)x
having a conductivity in the metallic regime /l/. The sum of
the elemental analyses for C, H, and I was 99.8%. This showed
that no reaction with water, to incorporate oxygen into the (CH)x
had taken place, at least during the time needed for doping.
This observation was most surprising. The absence of reaction
with water would at first sight appear to be inconsistent with
the fact that p-doped (CH)4, i.e., (CH+YA -)x , is a polycarbonium
ion delocalized within solitons and polargns, since all other
carbonium ions react instantly with neutral water and are stable
only in certain concentrated acids or "super-acid" solutions. We
wished to ascertain whether (CH)x doped with iodine was unique
or whether other dopants would behave similarly with respect to
its relative stability in aqueous solutions.

A piece of cis (CH)x film and a piece of Pt foil were placed in a
saturated solution of ca. 0.5 M NaAsFf in 50% aqueous HF. The
(CH)x was attached to the positive electrode and the Pt to the
negative electrode, respectively, of a d.c. power supply. A
constant potential of l.OV was applied between the electrodes for
ca. 30 minutes and the film was then washed in 50% HF and pumped
T"n the vacuum system for 18 hours. In several different experi-
ments, carried out under slightly different conditions, flexible,
golden films having good metallic conductivity (ca. 10 to 100
ohm-lcm-1 ) were obtained. It was most surprising to find that
the films contained no oxygen. The +fuo5 ne content varied from
one preparation to another, e.g. [CH' (AsF5.)-. 2 61, (sum

5. i"6 xl ( u



of C + N + As + F analyses = 100.2%) and [CH+0" 0 2 9 (As 4 )-029x
(sum of C + H + As + P analyses = 100.3%). The nature of the
dopant species and the cause of the variable fluorine content is
currently being investigated. It is believed that the dopant
probably consists of a mixture of the (AsF6 )- and (ASP4 )- ions.

We have shown previously that (CH)x can be doped readily to the
metallic regime when exposed to the vapor from 9R% sulfuric acid ot
72% perchloric acid /2/. In view of the surprising electrochemi-
cal results obtained above, we wished to ascertain if (CH)x could
be doped in aqueous solutions of these acids. We therefore
studied the (d.c.) conductivity of a strip of (CH)x film immersed
in acid solutions of different strengths. At all concentrations
except the lowest, the conductivity of the partly doped (CH)x
was much greater than that of the ionic conductivity of the
solution. As can be seen from Pig. I and Pig. 2, the conductivity
of the (CP)x increased rapidly at first and then increased only
very slowly for a period of ca. 24 hours, presumably due to slow
diffusion of the oxidizing acidn into the interior of the (CH)x
fibrils. The quasi-equilibrium conductivity values shown
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Fig. 1 - Conductivity of cis-(CH)x film immersed in aqueous
sulfuric acid solutions of different concentrations.

in Fig. 1 and Fig. 2 are plotted in Fig. 3 and Fig. 4 a.s a function
of acid concentration (molarity). In eac(h case, the conductivity
increases over five orders of magnitude to metallic ]eve ! It is
most interesting to find that (CH)x can actually undergo a semi-
conductor-metal transition in aqueous solution and that the stahi-
lity of the (CH+Y) ion to water is exceptionally great under
certain conditions. When the film doped in 18 M sulfuric acid
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was washed with cyciohexele to remove tree acid it was tiextDie
and golden and had a conductivity of 1x102 ohui1cm-l.
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Fig. 3 -Relationship between quasi-equilibrium values of con-
ductivity of cis-(CH)x film immersed in aqueous sulfuric
acid solution of different concentrations.
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Fig. 4 - Relationship between quasi-equilibrium values of con-
ductivity of cis-(CH)x film immersed in aqueous per-
chloric acid so-lutions of different concentrations.

In view of the known oxidition potentials (vs. Li/Li + ) of
(CH)x/(CHI+a)x, H2SO3/SO 4 - , and Cl-/ClO 4- which are -2.4V, -3.2V
and -4.36V, respectively, the expected Aoping (oxidation) reac-
tions which occurred are:

2(CH)x + 3(xy)H2SO4 + 2[CHY(H"04)y-lx + (xy)H2503 + (xy)H20 (1)

8(CH)x + 9(xy)HC104 * 8[CH+Y(ClO4)y-lx + (xy)HC1 + 4(xy)-20 (2):

The greater the concentration of the acids, the greater will be the
value of y in each case. The high stability of (CH+Y)x to water
in certain cases is believed to be due to the extensive delocali-
zation of charge which varies according to the nature of the dopant
anion associated with the (CH+Y) ion.

II - BATTERY CELLS USING (CH)x AND/OR p-DOPED (CH)x

(1) Neutral (CH)x cathode + Li anode: Selected electrochemical cha-
racteristics of a cell constructed from cis-polyacetylene film
(thickness ca. 0.1mm; ca. 3.5mg/cm 2) and lithium metal immersed in
electrolyte-of 1.nM LiC-O 4 in THF have been studied. A spontaneous
electrochemical reaction occurs when the (CH)x and Li electrodes ar
connected by a wire external to the cell. The discharge reactions
are:

Anode Reaction xyLi * xyLi+ + xye-  (3)

Cathode Reaction (CH) + xye + (CHy) (4)

giving the overall net reaction

xyLi + (CH' x * Li y(CH-Y) (5)
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where y<O.l. it should be noted that the reaction given by equatio

(5) is the discharge reaction of a voltaic cell and that the cell,

in its coupletely charged state consists of parent, neutral (CH)x

which appears to be stable indefinitely in the electrolyte. (See
Fig. 5) Reversal of the reaction given by equation (5) may be ob-
tained on charging at a fixed applied potential of 2.5V, the poten-
tial (vs. Li) of the parent, neutral (CH)x in this electrolyte.

2.5
(CH) vs. U

V 2.04V V2.03V V0Cm203V

t.5

u: 1.006V Vo1.040V v.,.o49v Vo-,.055V
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Fig. 5 - Open ci cit voltage, Voc, values of (CH)x (upper curve),
and [Li 0 n7 (CF-"'u')]J (lower curve), in a IM LiClO4
solution in THF. The V value for (CH)x was determined
on a pr8 viously reducedfiilm which had tten been reoxidiz
to (CH)X. The small initial decrease in V is caused
by diffusion of traces of remaining dopant0 from the
interior to the exterior of the (CH)x fibrils.

Although reduction occurs spontaneously, most studies were carried
out at a constant applied potential at various selected values in
order to study the system in a controllable manner. Significant
reduction of the (CH)x occurs only at an applied potential less thai
1.7V. After the onset of reduction, the open circuit voltage, Voc,
falls rapidly up to a reduction level of ca. 1% and then decreases
more slowly.

The relationship between cell potential and degree of reduction hasl
" been studied up to 10% reduction levels. The reduction process was!'

stopped at intervals and the Voc value (vs. Li) was measured immedi
ately. The cell was then allowed to stand for a period of 24 hours
in grder to permit partial equilibration of the Li+ ions within the
200A (CH)x fibrils. The Voc values were again recorded. An in-
crease in potential was observed on standing. This is caused by a
decrease in the degree of reduction of the outside of the (CH-Y)x
fibrils as the counter Li+ ions diffuse towards the center of a
fibril together with their attendant negative charge on the polyace-
tylene. Exactly the opposite effect is observed after a partial
electrochemical oxidation (charge reaction) of (CH-Y)x to a less
reduced state. in this case, the Voc falls on standing.

o



Maximum power density of a cell using 4.5 cm
2 (ca. 15mg) of (CH)

film was obtained by discharging it through an external resistor
having the same resistance as the internal resistance of the cell
(ca. 15 ohms), (see Pig. 7). Measurement of the initial current

-i (54mA) gave-a maximum power density of ca. 2,900 Watts/Kg on the
second discharge. After 1 minute the current was 45mA, after 2.5
minutes it was 24mA and after 5 minutes it had fallen to 14nA.
Maximum power density values after other discharging times are
given in Fig. 7.

:i| 60

40 MAX. E
1.200W/kg

30 2.500W/u
VImA)

p.i Rge LOAD RESISTANCE

10 RINTERNAL RESISTANCE 413
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I CURRENT WHEN Ri. R
0 20 40 60 80 100 120 140 160
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Fig. 7 - Maximum power density characteristics of a
(CH)x/LiC1O4 , (THF)/Li cell. Curve 1 refers to the
first discharge; curve 2 refers to the second discharge.
A coulombic efficienty of 99% was obtained on recharging
after the first discharge.

(2) Neutral (CH)x cathode + n-doped (CH)x anode: Since both neu-
tral and reduced (CT)x have good stability in an electrolyte of
1M LiC104 in THF a voltaic cell was constructed using (CH)x as
the cathode and (CH-Y) as the anode. The overall discharge
reaction is:

[Liy+(CHY) x x 2(Li'y/ 2 (CHY/
2 )1x (6)

A cell of this tipe using 7% electrochemically reduced (CH)x for
the anode and ne- ral V- :x for the cathode hag a potential of ca.
1.OV and a short ;iru.- current of ca. 3mA/cm of (CH) x . The
cell shows excellerL stability over a 4-5 month period. (See
Fig. 8). It is fully rechargeable with coulombic efficiencies of
ca. 99%. It is the first stable, rechargeable battery developed
in which both the cathode and anode active materials are organic
polymers.

The present studies indicate that cells involving neutral and/or
partly reduced polyacetylene have excellent stability and coulombic
efficiency and some types exhibit interestingly large energy and
power densities even at relatively small levels of reduction of the
polyacetylene.

-- IJ
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Coulombic efficiencies, (Qdischarge/Ocharge)10 0 where Odischarge
refers to the total coulombs involved in a given discharge (reduc-
tion) process and Qcharge refers to the total coulombs involved in a
charge (oxidation) process to 2.5V have been determined for several
different levels of reduction. Values of ca. 99% were found up to
ca. 6.0% reduction levels. Somewhat poorer values were found at
higher levels of reduction. These high coulombic efficiencies are
undoubtedly related, at least in part, to the excellent chemical
stability of (CH)x and partly reduced polyacetylene in the electro-
lyte as shown by Fig. 5.

Studies have been made of the change in voltage during constant cur-
rent discharges of O.lmA (19.RAmps/Kg), n.5mA (9R.8Amps/Kg) and
l.OmA (197.6Amps/Kgl to 6.0% reduction of the (CH)x, i.e., to a

*: composition of [Li 06 (CH). 6 ]x in each case, (See Fig. 6).

:' :3.0 -

20-
Vd 0m3"..OpW-

PD. * 22.6 W/kg 1370W-hr/kg

o 50 tO0 150 200 250 300 350
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1.0 ilOmA F/ cell.
t(97.H) ed -9m and w- f th/eL

•0 10 20 30 40 50 60 70
MINUTES

b' .-. Fig. 6 -Constant current discharge characteristics of a
~(CH)x/LiCI0 4 , ( T H F ) / L i cell.

i.; The weight of the (CH), employed (4.9mg) and the weight of the Li

consumed in the discharge reaction were used to calculate the nor-
malized discharge rates in Amps/Kg given above. Even though each
constant current discharge involved the same number of coulombs and
hence resulted in the same average percent reduction, the final dis-
charge voltages, Vd, decreased as the discharge currents increased,
e.g., Vd=0. 6 2 V at 0.lmA, Vd=0. 5 2V at 0.5mA and Vd=0.35V at l.OmA.
This is due to the fact that 'he diffusion equilibrium involving
migration of the Li+ ions from the exterior to the interior of the

*J (CH)x fibrils becomes less complete the more rapidly the electro-
chemical reduction process is carried out.

The energy density and average power density values obtained in
each of the above discharger are, respectively, 0.lmA, 137.0 Watt
hr/Kg and 22.6 Watts/Kg; 0.5mA, 124.6 Watt hr/Kg and 102.7Watts/Kg;
l.nmA, 116.8 Watt hr/Kg and q2.3 Watts/Kg.



2. (CH) x007 vs. (CH) O

* 1.517 Vo- Q987V V-Q986V V 0992V

Is,- 5mA I.a 5mA Ise 5mA
05

I: I I I i I I
00-20 40 60 80 100 120 140
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Fig. 8 - Open circuit voltage, Voc, and short circuit curren, 0 sc,
characteristics of a (CH)x/LiClO4 , (THF)/ [ Li . 7 (CH

-  ) ] x
cell.

REFERENCES

[I ] NIGREY, P.J., MA .DIARMID, A.G. and HEEGER, A.J., J.C.S. Chem.
Commun., (1979) 594.

(2] GAU, S.-G., MILLIKEN, J., PRON, A., MACDIARMIn, A.G., and
HEEGER, A.J., J.C.S. Chem.Commun., (1979) 662.

ACKNOWLEDGMENTS

Studies involving aqueous chemistry and electrochemistry were sup-
ported by the Office of Naval Research and the Defense Advanced
Research Projects Agency (through a grant monitored by O.N.R.).
Studies involving polyacetylene batteries were supported by the
Department of Energy, Contract No. DE-AC02-81-ER10832.

4

r.



p.-

TECHNICAL REPORT DrSTRIBUTION LIST, GEN

No.
Copies Co

Office of Naval Research Naval Ocean Systems Center
Attn: Code 413 Attn: Mr. Joe McCartney
800 North Quincy Street San Diego, California 92152
Arlington, Virginia 22217 2

Naval Weapons Center
ONR Pasadena Deachuc Attn: Dr. A. B. Amster,
Attn: Dr. R. J. Marcm Chemistry Division
1030 East Green Street China. Lake, California 93555

Pasadena, California 9LC6
Saval Civil Engineering Laboratory

Commander, Naval Air Systems Command Attn: Dr. R. W. Drisko
Attn: Code 310C (H. losenwvasser) Port Hueneme, California 93&01
Department of the Nav7
';ashington, D.C. 20360 1 Dean William Tolles

Naval Postgraduate School
Defense 'chnical Infor-ation Center Monterey, Californ: 93940
Building 5, Cameron Sca.ion
Alexandria, Virginia 22314 12 Scientific Advisor

Cocmandant of the Marine Corps
Dr. Fred Saalfeld (Code RD-i)
Chemistry Division, Code 6100 Washington, D.C. 20380
Naval Research Laboracory
;ashington, D.C. 20375 1 Naval Ship Research and Development

Center
U.S. Army Research Office Attn: Dr. G. Bosma~ian, Applied
Attn: CRD-AA-IP Chemistry Division
P. 0. Box 12211 Annapolis, Mariland 21!O
Research Triangle ?ark, N.C. 27709 M

~Mr. John Boyve

.-.. ' cenc Schaper Materials Branch
':':SPDC Code 2803 Naval Ship E -iee:ing Center

v_ Anna;clis, Mar::.and 2i:.02 ?hiladelphia, ?enrsvlvania 9.

N:aval Ocean Systems Center Mr. A. M. AnZalone
S Arn: Dr. S. Yamamoco Adminiscrative Librarian
Marine Sciences Divtsion PLASTEC,'AR."ADCCM
San Diego, California 91232 1 3d 3401

Dover, New 2ersey! 078C

i4



! -7: .*. :"-

TECHNICAL REPORT DISTRIBUTION LIST, 3568

No. No
Copies Co ie.

Dr. C. L. Shilling Dr. G. Goodman
Union Carbide Corporation Globe-Union Incorporated
Chemical and Plastics 5757 North Green Bay Avenue

Tarrytown Technical Center Milwaukee, Wisconsin 53201

Tarrytown, New York
Dr. E. Fischer, Code 2853

Dr. R. Soulen Naval Ship Research and

Contract Research Department Development Center
* Pennwalt Corporation Annapolis Division

900 First Avenue Annapolis, Maryland 21402
King of Prussia, Pennsylvania 19406 1

Dr. Martin H. Kaufman
Dr'-*, G. MacDiarmid - Code 38506

Unvers of Pen asia Naval Weapons Center
Departmentistry China Lake, California 93555

SPhila s, Penn arnia 19174 t
Dr. C. ; len

Dr. H. Allcock University of Vermont
Pennsylvania State University Department of Chemistry

Department of Chemistry Burlington, Vermont 05401
University Park, Pennsylvania 16802 1

Professor R. Drago

Dr. M. Kenney Department of Chemistry
Case-Western University University of Florida
Department of Chemistry Gainesville, FL 32611
Cleveland, Ohio 44106 1

Dr. D. L. Venezky
Dr. R. Lenz Code 6130

7. University of Massachusetts Naval Research Laboratory
- Department of Chemistry Washington, D.C. 20375

...- Amherst, Massachusetts 01002
COL R. W. Bowles, Code lOOM

DR. M. David Curtis Office of Naval Research
SUniversity of Michigan 800 N. Quincy Street
Department of Chemistry Arlington, Virginia 22217

.Ann Arbor, Michigan 48105 1
Professor T. Katz

NASA-Lewis Research Center Department of Chemistry
IAttn: Dr. T. T. Serafini, MS 49-I Columbia University
21000 Brookpark Road New York, New York 10027

.,Cleveland, Ohio 44135 1
Professor James Chien

-Dr. J. Griffith Department of Chemistry
r Naval Research Laboratory University of Masrachusectts

Chemistry Section, Code 6120 Amherst. Massachusetts 01002

Washington, D.C. 20375



94/ 3.6A-B

TECHN.ICAL REPORT DISTRIBUTION LIST, 356B

No. N.
Copies .

Professor Malcolm B. ulk Dr. Alan J. Heeger
Department of Chemistr7 Dept. of Physics
Atlanta University University of California
Atlanta, Georgia 30314 1 Santa Barbara, CA 93106

Dr. G. Bryan Street Dr. Frank Karasz

IBM Research Laboraty, K32/281 Dept. of Polymer Science and Engng.

San Jose, California 95193 University of Massachusetts
Amherst, HA 01003

Professor Michael Hon
Department of Chemitry
West Chester State CoLlne
West Chester, Pennsylvania 19401 1

Dr. K. Paciorek

" l- asystems, Inc

?. j. Box 19605 /
T _rvine, California 92715

Dr. D. B. Cotts
SRI International
333 Ravenswood Avenue
Menlo Park, California 94025

*. Professor D. Seyferth
Department of Chemistry
M.assachusetts Institute of Technology
Cambridge, Massachusetts 02139

Dr. Kurt Baum
.uorochem, Inc.
;,O S. Ayon Avenue

A-uza, California 91702

4

:.0

I"

-'- ' "~ - - • - '. i , - . . . - ,



I -

------------- . .. . .A~ . .)* .


